In this study, antifungal properties of an organoclay additive were investigated. Two types of organoclay (red and white) were tested in Petri dishes to determine their toxicity against the brown rot fungus Coniophora puteana and the white rot fungus Trametes versicolor. Red organoclay was more efficient than the white one and, depending on the fungus, inhibited or stopped the fungal growth. Red organoclay was chosen as an additive to produce a new type of plywood product. Biological durability of this plywood product was determined according to the methods: NF B 51-295 (bending strength test) and LVS ENV 12038:2002 (mass loss test). The loss in bending strength exceeded 81% and 65% after exposure to brown and white rot fungi, respectively. The mass loss of the plywood product after the decay test was higher than 3%, which defined the material as not fully resistant against decay fungi. According to CEN/TS 15083-1:2005, the plywood product corresponded to the durability class 3 (moderately durable) to 5 (not durable) depending on the fungus.
Introduction
The properties of microbial growth inhibition are among the main tasks while developing new materials for the building industry. One of the most promising materials with antimicrobial properties is clay. It is common all over the world, it is relatively easy to obtain and has a large relative surface area. It is also possible to modify clay to improve its natural properties. All types of antimicrobial clay are mineralogically different but they all have high iron content. They contain smectites, biotite, jarosite, magnetite and other minerals. It is suggested that the presence of pyrite could be one of the most significant factors for providing antimicrobial properties for clay, although not all antimicrobial clays contain pyrites (Parolo et al., 2011; Williams et al., 2011) .
Biodegradation has a big influence on the life cycles of various materials. It is very important to create not only recyclable materials but also long-lasting materials that are resistant against microorganisms. Among the biggest groups of organisms that degrade various materials are fungi (Schmidt, 2006; Leja & Lewandowicz, 2010) . Especially vulnerable to fungal degradation is wood and wood-based products (Goodell, Nicholas & Schultz, 2003) . Plywood is widely used in furniture production and building construction for both interior and exterior applications due to better dimensional stability compared to solid wood. The properties of plywood are mostly determined by the quality of veneer layers, their placement, the adhesive used and the bonding conditions (Youngquist, 1999) . However, the application of plywood in exterior conditions is limited due to the sensitivity to moisture and biodegradation (Baileys et al., 2003) . It has been reported that during 24 months of outdoor exposure several types of impregnated, laminated or natural plywood made out of birch, okoume and radiata pine veneers have been resistant against wood decay fungi ( Irbe et al., 2016) .
Modification of clay can improve its durability properties. Cation exchange reactions that allow various changes of surface activity properties are the most popular types of modification (Lira et al., 2017; Parolo et al., 2011) . Recently, the antifungal effects of modified clay against the microscopic fungi Alternaria alternata and Cladosporium herbatum have been studied (Lazdiņa, Obuka, & Nikolajeva, 2017) . In three of the four tested samples, the antimicrobial activity was observed. The effects of nano-clay on the biological durability of wood-plastic composites (WPCs), made from polypropylene and poplar sawdust, against five important wood-deteriorating fungi were studied by Bari et al. (2015) . It was found that nano-clay significantly decreased the mass loss of WPCs by all five fungi tested.
The aim of this study was to determine whether an organoclay additive has antifungal properties and if it can be used for protection of birch plywood against brown and white rot fungi.
Materials and Methods
Two types of organoclay additives (red and white) were selected for the Petri dish test to determine their anti-fungal properties. Red and white organoclay had different mineral compositions and contained an active ingredient trimethyloctadecylammonium chloride (CAS 112-03-8). Both types of organoclay were added to malt agar culture medium (3% agar, 5% malt extract) after sterilization in concentrations of 0.2%, 2%, 3%, 4%. Later the Petri dishes with organoclay The quantitative determination of iron in both types of organoclay was performed by an atomic absorption spectrometer (AAS) contrAA 700 (Analytik Jena AG) according to the standard LVS ISO 11466:1995. The dried sample was extracted with a mixture of hydrochloric acid/ nitric acid for 16 h at room temperature, followed by boiling for 2 h. Then, the extractive was diluted with a nitric acid solution.
Birch plywood with/ without the organoclay additive was used for biological durability tests according to the standards NF B 51-295:1980 (bending strength test) and LVS ENV 12038:2002 (mass loss test). Only red organoclay was chosen as the additive. There were two types of plywood: A plywood without organoclay, glued with phenol-formaldehyde (PF) resin and laminated with impregnated film; B plywood glued with PF resin, containing the organoclay additive (5% of the dry mass of resin) and laminated with impregnated film, containing the organoclay additive (12% of the dry mass of the film).
For the standard NF B 51-295:1980, plywood samples with the sizes of 190 x 15 x 15 mm were conditioned at the temperature of 20 °C and 65% relative humidity (RH) and then subjected to ageing procedures. The evaporation test was done in a wind tunnel at the temperature of 40 °C and the air flow of 1 m s -1 for four weeks. Afterwards the leaching test was performed by submerging the samples in distilled water at 20 °C for one week. After soaking, the samples were returned to the conditioning chamber for two weeks until reaching the constant mass. Then, the samples were sterilized with gamma irradiation of 1.5 Mrad. Two samples were placed in each Roux dish with the fungi C. puteana and T. versicolor on a malt agar medium. Control samples were placed in Roux dishes with the medium but without fungal cultures. The test lasted for 12 weeks in a cultivation camber at 22 °C and 70% RH. After the test, the samples were withdrawn from the dishes, brushed free of mycelium and placed in a conditioning chamber for four weeks before the bending test. The breaking stress during bending was determined using a material testing device Zwick Roell Z010. The distance between the bending supports was 150 mm. Mean breaking stress was calculated for each series.
For the standard LVS ENV 12038:2002, plywood samples with the sizes of 50 x 25 x 15 mm were subjected to conditioning and ageing procedures as described earlier. Prior to sterilization, the initial conditioned mass (m 0 ) was determined. Sterilized samples were placed in Kolle flasks with C. puteana and T. versicolor cultures. In each Kolle flask, two samples were placed on glass supports to isolate them from a direct contact with the mycelium. The test lasted for 12 weeks in a cultivation chamber at 22 °C and 70% RH. After the test, the samples were withdrawn from the flasks and brushed free of mycelium. The wet mass (m 2 ) was determined by weighting each specimen to the nearest 0.01 g. Samples were held in a conditioning chamber to regain the constant mass and then dried in oven at 103 °C for 8 h, and the final dry mass (m 3 ) was measured. Moisture content (MC) check specimens were used to determine the oven dry mass for the test specimens attacked by the fungi. These MC check specimens were pre-conditioned to the constant mass and weighted to determine the initial conditioned mass (m 0 ). They were placed in the oven for 8 h, cooled to room temperature in desiccators and weighted to the nearest 0.01 g for the determination of the oven dry mass (m 1 ). The initial moisture factor (F i ) was calculated for each MC check specimen by the following formula (1): with no organoclay added. Three replicates were used for each concentration and control. The quantitative determination of iron in both types of organoclay was performed by an atomic absorption spectrometer (AAS) contrAA 700 (Analytik Jena AG) according to the standard LVS ISO 11466:1995. The dried sample was extracted with a mixture of hydrochloric acid/ nitric acid for 16 h at room temperature, followed by boiling for 2 h. Then, the extractive was diluted with a nitric acid solution. Birch plywood with/ without the organoclay additive was used for biological durability tests according to the standards NF B 51-295:1980 (bending strength test) and LVS ENV 12038:2002 (mass loss test). Only red organoclay was chosen as the additive. There were two types of plywood: A -plywood without organoclay, glued with phenol-formaldehyde (PF) resin and laminated with impregnated film; B -plywood glued with PF resin, containing the organoclay additive (5% of the dry mass of resin) and laminated with impregnated film, containing the organoclay additive (12% of the dry mass of the film). For the standard NF B 51-295:1980, plywood samples with the sizes of 190 x 15 x 15 mm were conditioned at the temperature of 20 ℃ and 65% relative humidity (RH) and then subjected to ageing procedures. The evaporation test was done in a wind tunnel at the temperature of 40 ℃ and the air flow of 1 m s -1 for four weeks. Afterwards the leaching test was performed by submerging the samples in distilled water at 20 ℃ for one week. After soaking, the samples were returned to the conditioning chamber for two weeks until reaching the constant mass. Then, the samples were sterilized with gamma irradiation of 1.5 Mrad. Two samples were placed in each Roux dish with the fungi C. puteana and T. versicolor on a malt agar medium. Control samples were placed in Roux dishes with the medium but without fungal cultures. The test lasted for 12 weeks in a cultivation camber at 22 ℃ and 70% RH. After the test, the samples were withdrawn from the dishes, brushed free of mycelium and placed in a conditioning chamber for four weeks before the bending test. The breaking stress during bending was determined using a material testing device Zwick Roell Z010. The distance between the bending supports was 150 mm. Mean breaking stress was calculated for each series. For the standard LVS ENV 12038:2002, plywood samples with the sizes of 50 x 25 x 15 mm were subjected to conditioning and ageing procedures as described earlier. Prior to sterilization, the initial conditioned mass (m0) was determined. Sterilized samples were placed in Kolle flasks with C. puteana and T. versicolor cultures. In each Kolle flask, two samples were placed on glass supports to isolate them from a direct contact with the mycelium. The test lasted for 12 weeks in a cultivation chamber at 22 ℃ and 70% RH. After the test, the samples were withdrawn from the flasks and brushed free of mycelium. The wet mass (m2) was determined by weighting each specimen to the nearest 0.01 g. Samples were held in a conditioning chamber to regain the constant mass and then dried in oven at 103 ℃ for 8 h, and the final dry mass (m3) was measured. Moisture content (MC) check specimens were used to determine the oven dry mass for the test specimens attacked by the fungi. These MC check specimens were pre-conditioned to the constant mass and weighted to determine the initial conditioned mass (m0). They were placed in the oven for 8 h, cooled to room temperature in desiccators and weighted to the nearest 0.01 g for the determination of the oven dry mass (m1). The initial moisture factor (Fi) was calculated for each MC check specimen by the following formula (1):
The mean value (Fim) was calculated for each set of MC check specimens and used to calculate the oven dry mass (m1) of the equivalent set of the test specimens, using the following formula (2):
The final MC was calculated after the determination of all masses mentioned above for each test specimen by expressing its water content (m2 -m3) as the percentage of the final dry mass (m3). The mass loss (ML) of each test specimen was calculated by expressing the ML (m1 -m3) as the percentage of the final dry mass (m3). The mean ML was calculated for each set of the test specimens exposed to each test fungus. The decay susceptibility index (DSI) was calculated as (3):
where T is the ML (%) of an individual test specimen and S is the mean ML (%) of the appropriate set of control specimens. DSI values of 100 indicate the same decay resistance as that of the timber used for the control. Materials with lower DSI values are more resistant to the fungal attack. Virulence control test specimens were used for both plywood tests -pine wood for C. puteana and birch wood for T. versicolor. Test results are valid if the ML of virulence control specimens is greater than 20%. Student's t-test was used for statistical analysis with program R (version 3.4.3.) to determine statistically significant differences between the sets of the test specimens. The significance level α=0.05 was used for all tests (R Core Team, 2017; Wickham & Bryan, 2017) .
Results and Discussion
(1)
The mean value (F im ) was calculated for each set of MC check specimens and used to calculate the oven dry mass (m 1 ) of the equivalent set of the test specimens, using the following formula (2): colonies was measured within a 25-day period. The percentage of coverage was compared with control Petri dishes with no organoclay added. Three replicates were used for each concentration and control. The quantitative determination of iron in both types of organoclay was performed by an atomic absorption spectrometer (AAS) contrAA 700 (Analytik Jena AG) according to the standard LVS ISO 11466:1995. The dried sample was extracted with a mixture of hydrochloric acid/ nitric acid for 16 h at room temperature, followed by boiling for 2 h. Then, the extractive was diluted with a nitric acid solution. Birch plywood with/ without the organoclay additive was used for biological durability tests according to the standards NF B 51-295:1980 (bending strength test) and LVS ENV 12038:2002 (mass loss test). Only red organoclay was chosen as the additive. There were two types of plywood: A -plywood without organoclay, glued with phenol-formaldehyde (PF) resin and laminated with impregnated film; B -plywood glued with PF resin, containing the organoclay additive (5% of the dry mass of resin) and laminated with impregnated film, containing the organoclay additive (12% of the dry mass of the film). For the standard NF B 51-295:1980, plywood samples with the sizes of 190 x 15 x 15 mm were conditioned at the temperature of 20 ℃ and 65% relative humidity (RH) and then subjected to ageing procedures. The evaporation test was done in a wind tunnel at the temperature of 40 ℃ and the air flow of 1 m s -1 for four weeks. Afterwards the leaching test was performed by submerging the samples in distilled water at 20 ℃ for one week. After soaking, the samples were returned to the conditioning chamber for two weeks until reaching the constant mass. Then, the samples were sterilized with gamma irradiation of 1.5 Mrad. Two samples were placed in each Roux dish with the fungi C. puteana and T. versicolor on a malt agar medium. Control samples were placed in Roux dishes with the medium but without fungal cultures. The test lasted for 12 weeks in a cultivation camber at 22 ℃ and 70% RH. After the test, the samples were withdrawn from the dishes, brushed free of mycelium and placed in a conditioning chamber for four weeks before the bending test. The breaking stress during bending was determined using a material testing device Zwick Roell Z010. The distance between the bending supports was 150 mm. Mean breaking stress was calculated for each series. For the standard LVS ENV 12038:2002, plywood samples with the sizes of 50 x 25 x 15 mm were subjected to conditioning and ageing procedures as described earlier. Prior to sterilization, the initial conditioned mass (m0) was determined. Sterilized samples were placed in Kolle flasks with C. puteana and T. versicolor cultures. In each Kolle flask, two samples were placed on glass supports to isolate them from a direct contact with the mycelium. The test lasted for 12 weeks in a cultivation chamber at 22 ℃ and 70% RH. After the test, the samples were withdrawn from the flasks and brushed free of mycelium. The wet mass (m2) was determined by weighting each specimen to the nearest 0.01 g. Samples were held in a conditioning chamber to regain the constant mass and then dried in oven at 103 ℃ for 8 h, and the final dry mass (m3) was measured. Moisture content (MC) check specimens were used to determine the oven dry mass for the test specimens attacked by the fungi. These MC check specimens were pre-conditioned to the constant mass and weighted to determine the initial conditioned mass (m0). They were placed in the oven for 8 h, cooled to room temperature in desiccators and weighted to the nearest 0.01 g for the determination of the oven dry mass (m1). The initial moisture factor (Fi) was calculated for each MC check specimen by the following formula (1):
where T is the ML (%) of an individual test specimen and S is the mean ML (%) of the appropriate set of control specimens. DSI values of 100 indicate the same decay resistance as that of the timber used for the control. Materials with lower DSI values are more resistant to the fungal attack. Virulence control test specimens were used for both plywood tests -pine wood for C. puteana and birch wood for T. versicolor. Test results are valid if the ML of virulence control specimens is greater than 20%. Student's t-test was used for statistical analysis with program R (version 3.4.3.) to determine statistically significant differences between the sets of the test specimens. The significance level α=0.05 was used for all tests (R Core Team, 2017; Wickham & Bryan, 2017).

(2)
The final MC was calculated after the determination of all masses mentioned above for each test specimen by expressing its water content (m 2 m 3 ) as the percentage of the final dry mass (m 3 ). The mass loss (ML) of each test specimen was calculated by expressing the ML (m 1 m 3 ) as the percentage of the final dry mass (m 3 ). The mean ML was calculated for each set of the test specimens exposed to each test fungus.
The decay susceptibility index (DSI) was calculated as (3): DOI: 10.22616/rrd.24.2018.015 colonies was measured within a 25-day period. The percentage of coverage was compared with control Petri dishes with no organoclay added. Three replicates were used for each concentration and control. The quantitative determination of iron in both types of organoclay was performed by an atomic absorption spectrometer (AAS) contrAA 700 (Analytik Jena AG) according to the standard LVS ISO 11466:1995. The dried sample was extracted with a mixture of hydrochloric acid/ nitric acid for 16 h at room temperature, followed by boiling for 2 h. Then, the extractive was diluted with a nitric acid solution. Birch plywood with/ without the organoclay additive was used for biological durability tests according to the standards NF B 51-295:1980 (bending strength test) and LVS ENV 12038:2002 (mass loss test). Only red organoclay was chosen as the additive. There were two types of plywood: A -plywood without organoclay, glued with phenol-formaldehyde (PF) resin and laminated with impregnated film; B -plywood glued with PF resin, containing the organoclay additive (5% of the dry mass of resin) and laminated with impregnated film, containing the organoclay additive (12% of the dry mass of the film). For the standard NF B 51-295:1980, plywood samples with the sizes of 190 x 15 x 15 mm were conditioned at the temperature of 20 ℃ and 65% relative humidity (RH) and then subjected to ageing procedures. The evaporation test was done in a wind tunnel at the temperature of 40 ℃ and the air flow of 1 m s -1 for four weeks. Afterwards the leaching test was performed by submerging the samples in distilled water at 20 ℃ for one week. After soaking, the samples were returned to the conditioning chamber for two weeks until reaching the constant mass. Then, the samples were sterilized with gamma irradiation of 1.5 Mrad. Two samples were placed in each Roux dish with the fungi C. puteana and T. versicolor on a malt agar medium. Control samples were placed in Roux dishes with the medium but without fungal cultures. The test lasted for 12 weeks in a cultivation camber at 22 ℃ and 70% RH. After the test, the samples were withdrawn from the dishes, brushed free of mycelium and placed in a conditioning chamber for four weeks before the bending test. The breaking stress during bending was determined using a material testing device Zwick Roell Z010. The distance between the bending supports was 150 mm. Mean breaking stress was calculated for each series. For the standard LVS ENV 12038:2002, plywood samples with the sizes of 50 x 25 x 15 mm were subjected to conditioning and ageing procedures as described earlier. Prior to sterilization, the initial conditioned mass (m0) was determined. Sterilized samples were placed in Kolle flasks with C. puteana and T. versicolor cultures. In each Kolle flask, two samples were placed on glass supports to isolate them from a direct contact with the mycelium. The test lasted for 12 weeks in a cultivation chamber at 22 ℃ and 70% RH. After the test, the samples were withdrawn from the flasks and brushed free of mycelium. The wet mass (m2) was determined by weighting each specimen to the nearest 0.01 g. Samples were held in a conditioning chamber to regain the constant mass and then dried in oven at 103 ℃ for 8 h, and the final dry mass (m3) was measured. Moisture content (MC) check specimens were used to determine the oven dry mass for the test specimens attacked by the fungi. These MC check specimens were pre-conditioned to the constant mass and weighted to determine the initial conditioned mass (m0). They were placed in the oven for 8 h, cooled to room temperature in desiccators and weighted to the nearest 0.01 g for the determination of the oven dry mass (m1). The initial moisture factor (Fi) was calculated for each MC check specimen by the following formula (1):
Results and Discussion
where T is the ML (%) of an individual test specimen and S is the mean ML (%) of the appropriate set of control specimens.
DSI values of 100 indicate the same decay resistance as that of the timber used for the control. 
The Petri dish test with the mycelial growth of the brown rot fungus C. puteana on the medium containing white organoclay (Fig. 1) showed that the concentrations of 2%, 3% and 4% stimulated the fungal growth compared to the control. On the contrary, red organoclay in all concentrations inhibited the growth. The highest inhibiting effect was reached at concentrations of 3% and 4%, when the colony growth was stopped soon after the inoculation.
Results for the mycelial growth of the white rot fungus T. versicolor (Fig. 2) indicated that both types of organoclay slowed down the growth compared to the control. Red organoclay showed stronger inhibition of the growth rate than white clay. However, after 20 days, all Petri dishes with both organoclay additives were covered with fungal mycelium.
The concentration of iron in both types of organoclay was determined to observe the possible toxic effect of the metal on fungal growth. It is known (Tautkus et al., 2004 ) that, at low concentrations, iron plays an important role in metabolic and fermentation processes as an enzyme activator, a stabilizer and a functional component of proteins. Above trace levels, however, iron has other roles. It has been stated that for all trace elements, including iron, there exists a fairly narrow concentration level between the essential and toxic levels.
Our results showed that white and red organoclay contained 33.4 mg g -1 (3.34%) and 39.5 mg g -1 (3.95%) of iron, respectively. This suggests that the higher concentration of iron in red organoclay could cause more pronounced inhibition of fungal growth than white clay. However, in the case of the white rot fungus T. versicolor, both types of organoclay could not be considered as fully toxic as the rate of the colony growth was restricted but not stopped. Based on the results of the Petri dish test for further durability tests, only red organoclay was used to produce plywood B.
After the bending strength test, the fungi were well developed on the specimens, which also were visually degraded. The test results according to the ML of virulence specimens 36.07% for C. puteana and 20.80% for T. versicolor were valid. Bending strength and mean strength ratio (bending strength expressed as the percentage of the relevant control) between both types of plywood were very similar (Table 1 ). Student's t-test also showed that there was no significant difference between the strength of plywood A and B (α=0.05) exposed to fungi: p=0.83 for C. puteana and p=0.13 for T. versicolor. However, there was a significant difference between the strength of the plywood exposed to C. puteana (p<0.001) and T. versicolor (p=0.004) for both types of plywood. These results suggest that, although plywood B contained the organoclay additive in both the PF glue and the impregnation film, it was not better protected against fungi than plywood A without the additive.
According to Table 1 , the loss in bending strength after exposure to C. puteana was 81.4% and 81.8% for plywood A and plywood B, respectively. The loss in bending strength after exposure to T. versicolor was 65.0% and 71.3% for plywood A and B, respectively. According to the standard LVS EN 636:2012 for plywood A and B, the bending strength class had declined from class F50 to class F3 (9 classes lower) and F5 (8 classes lower) as a result of the degradation by brown and white rot fungi, respectively.
In the mass loss test, the virulence control specimens after exposure to C. puteana and T. versicolor had the ML of 39.5% and 21.3%, respectively, which confirmed the validity of the test. Test fungi were well developed, although C. puteana covered all the surfaces of the test specimens, while T. versicolor covered the surfaces except the impregnation film. The MC of plywood specimens was above 25%, which confirmed the validity of the test ( Table 2 ). The ML for plywood B was higher than for plywood A after exposure to both fungi. This difference was There was a statistically significant difference for ML between both fungi for both types of plywood. For both types of plywood, p-value was less than 0.001 when compared the ML between C. puteana and T. versicolor. Both plywood types cannot be considered as fully resistant to attack by fungi as the ML of the specimens was greater than 3%. Plywood A and B were more easily degradable by C. puteana. The higher decay ability of C. puteana was also observed by more severe degradation of virulence specimens (pinewood). The higher DSI values confirmed the lower decay resistance of materials.
According to the durability class (DC) arrangement according to CEN/TS 15083-1:2005, plywood B can be placed in DC 3 as moderately durable (ML>10 to≤15%) and DC 5 as not durable (ML>30%) depending on the fungus (Table 2) .
Although plywood B contained the organoclay additive, it was even more degraded than plywood A. It is suggested that the addition of the organoclay to the PF glue and the impregnation film of birch plywood did not provide effective protection against white and brown rot fungi.
Conclusions
1.
In the Petri dish test, red organoclay, depending on the concentration, inhibited or stopped the growth of the brown rot fungus Coniophora puteana and inhibited the growth rate of the white rot fungus Trametes versicolor. White organoclay showed only a slight decrease of growth rate by T. versicolor and promoted the growth of C. puteana. 2. There was no significant difference between the bending strength of plywood without (A) and with (B) the organoclay additive after exposure to C. puteana and T. versicolor. The loss in bending strength exceeded 81% and 65% after exposure to brown and white rot fungi, respectively. 3. The ML of plywood A and B after the decay test was higher than 3%, which defined the products as not fully resistant against brown and white rot fungi. 4. The addition of red organoclay to the PF glue and the impregnation film of birch plywood did not provide effective protection against decay fungi.
